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INTRODUCTION

Infrared (1 R) detectors operating from mid 1 R wavelengths to very long wavelength
1R (i e, 3-18um) arc of great interest fora variety of ground based and space basal
applications such as night vision, early warning systems, navigation, flight control
systems, weather monitoring, and astronot ny (IR detectors are used in the focal planc of
telescopes). In addition IR detectors in this spectral region canbe used for pollution
monitoring, as well as monitoring the relative humidity profiles and the distribution of
diffc.rent const it uents in the at mosphere (c.g., O3, CO, N2 Q). This is duc to the fact that
mostof the absorption lines of gas molecules lic in this IR spectral rcgion. Some
examples arc monitoring the global atmospheric temperature profiles to the accuracy of
one. Kelvin and the depth to onc kilometer (by mcasuring the temperature dependence
of the absorption signatures of the carbon dioxide molccules), relative humidity
profiles, and the distribution of minor const it uents in the atmosphere, studies which arc

alrcady being planned for NASA’s 1 iarth Observing System! (10S). This spectral




region is also richin information vital to the understanding of composi t ion, st ructure
and the energy balance. of molecular clouds and star forming regions of our galaxy.
Thus, there is great commercial, scientific and academic interest in IR detectors

operating in this wavelength region.

It is customary to make IR detectors in this spectral span by utilizing the interband
absorption of narrow band gap semiconductors (c.g., InSb, g xCdx'Te). Fig. 1 shows
the schematic band diagram of a conventional intrinsic detector which involves
interband absorption. 1 R radiat ion is absorbed by the photosen sitive material when an
incoming photon has sufficient encrgy i (1> hv, where h is the. Planck's constant and v
isthe frequency of the incoming photon) to photocxcite an elect ron from the. valence
band to the conduction band.In a detector structure these photoexcited carticrs are
collected by applying an clectric field, thereby producing a photocurr ent or a
photovoltage. Since the absorbed photon enci gy is greater than the. energy of the band
gap liy, both electrons and the holes are created, thus, the semiconductor dots not need
to be doped (these. detectors arc. called intrinsic detectors). | arge two di mensional
arrays of InSb (512x512 pixels) and Hegi4CdsTe (128x 128 pixels) detectors have
alrcady been demonstrated up to cut off wavelengths of 5 ppm and 11 pm respect ivel y.
in InSb, since the band gap is fixed, these deiectors cannot be operated at longer
wavclengths. on the other hand, gy xCdy'Ye can made into narrow band gap materials
by varying the aloy composition. 1 lowever, the long wavelength large 11g1.,CdyTe
arrays arc high] y non uni form in composition and doping (thus large nonuniformities in
sped t-al response and sensitivit y). Further more, there are large numbers of trap centers
throughout the. band gap and charged surface states (thus higher 1/f noise) which
producc substantial ant] detrimental parasitic currents. in addition, such narrow band

gap materials arc more difficult to prow and process into devices compared to wide




band gap semiconductors (thus low yield and high cost) 2. These difficultics mot ivate
the exploration of utilizing the artificial low effective band gap structures made of wide
band gap scmiconductors such as GaAs (see Yig., 2) which arc easy to grow and
process into devices. The basic advantages of the GaAs based quantum well infrared
photodetectors (QWIPs), namel y the. highly mature GaAs growth and processing
technologies, become more important at longer wavelengths where the narrow band gap

materias becomes more difficult to work with.

The possibility of using GaAs/AlGaj 4As multi quantum well (MQW) structures to
detect IR radiation was first suggested by 1 colisakieral.? at the IBM Thomas J.
Watson Research Center. The idea of using MQW structures to detect 1 R radiation can
be understood by the basic principles of quantum mechanics. The quantum well is
equivalent to the well known particle in a box problem in quantum mechanics, which
can be solved by the ti me. independent Schrodinger equat ion. The solutions of this
problem arc the 1 ligenvalues that define the cnergy levels inside the well in which the
particle is confined (scc 1 dg. 2). 'the positions of the energy levels arc primarily
determined by the well dimensions (height and width). Therefore, as shown in 1ig, 3,
by tailoring the quantum well structure, the scparation between the allowed energy
levels can be adjusted so that the 1 R photons can induce an intersubband transition
bet ween the ground state and the. first excited state. The lattice matched GaAs/AlxGaj.
xAs (where x is the molar ratio between Al and Ga) materials system is a good
candidate in which to create such a potential well, since the band gap of AlGajxAsis
higher than that of the GaAs and can be changed continuously by varying, x (and hence
the. depth of the well or height of the barrier). Carriers (electrons for n-t ype material and
holes for p-type. material) can be. introduced by doping, the GaAs well. These carriers

willoccupy the ground state of the quantum wells at low temperat ures.




The first experimental investigation of MQW structure to detect 1 R radiation was
carricd out by John Smith eral. 4 at the California Institute of Technology, and
theoreticall y anal yzed by 1 arryl Coon er al.® at the Universit y of Pittsburgh. The first
experimental observation of the strong intersubband absorption within the quantum

wel Isin the conduction band was performed by 1 awrence Westeral.¢ a Stanford

Bell 1 aboratories. This first QWI P was based onintersubband transition bet ween two
bound quantum wc]] states (i.e., groundstate and the first excited state arc inside the
well). The intersubband absorption excites an electron from the ground state to the. first
excited state, where. it can t unnel out to the. continuum (continuous energy levels above
the quantum well) in the presence of an external electric field, thereby producing a

photocurrent as shown in Fig. 4.

in addit ion to the photocurrent, all detectors including QW1 Ps produce a parasitic
current which is a called dark current, at 1d this must be mini mized to achicve high
performance.. in QW1 Ps, the. dark current originates from three di fferent mechanisms as
shownin 1ig. S, The dark current arising from the first process is duc to quantum
mechanical t unncling from well to well through the AlyGaj xAs bar-rim-s (sequential
t unncling). This process is independent of temperat ure. Sequential t unneling dominates
the dark current at very low temperatures (<30 K). The second mechanism is thermall y
assisted tunneling which involves a thermal excitation and tunneling through the tip of
the barrier into the cent inuum energy levels. This process governs the dark current at
medium temperaturcs. The third mechanism is classical thermionic emission and
dominates the dark current at higher temperatures (>45 K). Fig. 6 shows the dark

cw-rent and the photocurrent of typical 15umQWI 1' at various temperatures




(photocurrent is independent of temperat ure). At higher temperatures the last
mechanism is the major source of dark current, and the thermal generation rate is
determined by the lifetime of the carriers and the well doping density. ]nthiscase.the
carrier lifetime will determined by the thickness of the AlyGay .4As barriers as described
by 1 inmanucl Rosencher er al. 8 at the Thomson-Cl:S Research 1 aboratory, }rance.
‘I'he. dependence of the dark current (and hence the detector performance) on doping,
densit y was ana yzed by Sarath Gunapala er al. 9 at the AT&T Bell 1 aboratorics. In
particular they have found that the dark current can be reduced by many orders of
magnitude by lowering the well doping, density, without significantly reducing, the

performance of the detectors.

By reducing the quantum we]] width it is possible to push the. second bound state
(first excited state) into the continuum resulting in a strong bound-to- continuun
intersubband absorption as shown in }ig. 4. ‘I’he major advantage of the bound-to-
ccmt inuum QWIP is that the. photoexcited electron can escape from the quantum wel 1 to
the continuum transport states without being required to tunnel through the barrier, as
shown in 1 ‘g, 4. As aresult, the bias required to efficiently collect the photoel ectrons
can be reduced dramatically, thereby lowering the dark current, Duc to the fact that the
photoelectrons do not have to tunnel through the barriers, the AlyGaj 4As barrier
thickness of bound-to-con tinuum QWIP can now be increased without reducing the
photoclectron collection efficiency. in addition, increasing the barrier width from a few
hundred A to 500 A can reduce. the ground state. sequential tunneling, by an order of
magnitude. By making usc of these improvements, Barry 1 evine ef «l.” at the AT &T
Bell 1 aboratories successfully demonstrated the first bound-to-con tinuum QWIP
operat i ng at 10 pm with a dramatic i mprovement in the performance. Due to this high

performance and the excellent uniformity of GaAs based QWI Ps, several groups have
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demonstrated large (two dimensional array of 128x128, 256x256, and 5 12x512 pixels)

imaging arrays-l~lo-11 upto acut off wavelength of 10 um.

VERY LONG WAVELENGTI1 QWIP

Most of the QWIP work described in the previous sections has concentrated on the 8-
10 ym spectral band, alt hough peak wavelengths as short as A =2.7um have been
demonstrated. The design of QWIPs operating in the 8§ - 10y m atmospheric window
typically consists of 40 A wide GaAs quantum wells and 500 A thick AlyGajAs
barriers with x = 0.3. in order to tailor the QW1 P response to the very long wavelength
spectral region (Ae> 12 pm) the barrier height should be lowered; however, in addition
to lowering the barrier height, the quantum well width must be widened in order to
lower the photoexcited continuum state. closer to the top of the. barrier. By doing this
very long wavelength IR (VI .WIR) QWIPs up to a cut off wavelength of 19 pm have

been demonstrated by Avigdor Zussman er al.1? at the AT&T Bell 1 aboratorics.

In order to optimize the performance of V] WIR QW1Ps Gabby Sarusi e/ al.13 at the
AT&T Bell laboratorics have utilized the bound-to-quasicontinuum intersubband
absorption (occurring when the first excite.(i state isin resonance with the top of the
barrier). ‘I’ his transition maximizes the intersubband absorption, while maintaining the
excellent electron transport. "The device struct ure of a QWI P operating at ap- 15 pm
typically consists of 65 - 70 A wide GaAs quantum wells and 600 A thick AlyGajxAs
barriers with x = 0.15. These structures arc. grown by the technigue of molecular beam
epitaxy (M BE), and consist of 50 periods of quantum wells and barriers, sandwiched
between ().5 um top and 1 pm bottom Si doped Ny = 1 x 1018 cm® contact layers. 'T'he

quantum well doping of 8 - 10 um QWIPs is usually Ny =1x1018 cnv3, However, in




order to lower the Yermilevel (1) of the carriers, in these very long wavelength (A, =
16.5 pm) QWIPs, so as not to be too large a fraction of the cutoff energy I = ht/A,,
and to reduce the thermal generation rate, well doping densit y has been  substantially

reduced to Ny = -.xjo17 em3,

LIGII'T COUPLING

QWIPs do not absorb radiation incident normal to the. surface since the light
polarization must have an clectric ficld component normal to the superlattice (growth
direction) to be absorbed by the confined carriers. As shown in tig. 7, when the
incoming light contains no polarization component along the. growth direction, the
matrix element of the interaction vanishes (i.e., €.p, = () where £ is the polari zation and
p, is the momentum along 7z direction). As a consequence, these detectors have to be
illuminated through a 45" polished facet 7 (sce Yig. 8(a)). Clearl y, this illumination
scheme li mits the configuration of detectors to linear arrays and single clements. Hor
imaging, it is necessary to be able to couple light uniformly to two dimensional arrays
of these. detectors. Keith Goosen ef al.'4 at Princeton Universi t y have demonstrated
cfficient light coupling to a QWIPs using lincar gratings which rc.moved the light
coupling Ii mi tations and made. two dimensional QWI Pimaging arrays feasible (see. } ‘g
8(b)). These line gratings were madc of metal on top of each detector or groove etched
through a cap layer on top of the quantum wc]] structure These gratings deflect the
incoming light away from the direction normalto the surface, cnabling intersubband
absorption. The normal incidence light coupling cfficiency of line gratings is
comparable to the light coupling ¢ fficienc y of a45” polished facet illumination scheme
and yields an quantum efficiency (t he fraction of the. incident photons effect ive in

producing the emitted electrons) of about 1()-20% (for QWIPs having 50 periods and




Np = 1x10°cm3). This relatively low quantum efficiency is ducto the poor light
coupling efficiency and the fact that only one polarization of the light is absorbed. in
orderto maintain high absorption and thus high quantum cfficiency, the quantum well
doping density must be kept very high, lcading to a higher dark current. In order to
further increase the quant um efficiency without increasing, the dark current,Jan
Anderson eral.!S at the industrial M icroclectronics Center, Sweden, developed the
cross grating (or two dimensional grating) for QWIPs operating at the 8- 10 um
spectral range. in this case the periodicit y of the grating, is repeated in both directions,
leading to the absorption of both polarizations of incident 1 R light. The addition of
optical cavity results in two optical passe.s through the MQW structure before the light

is diffracted out through the. substrate, as shown in }ig. 8(c).

Many more passes of 1 R light, and significant] y higher absorption, can be achieved
with a randoml y roughened reflecting surface, as shown in 1 ‘g. 9(a). Gabby Sarusi et
al.” at the AT&'T Bel 11.aboratorics have shown experi mentall y that by careful design
of surface text urc randomizat ion, efficient light trapping can be obtained. They
demonstrated nearly an order of magnitude enhancement in responsivity compared to
45° illumination geometry. The random structure on top of the detector prevents the
light from being diffracted normally backward after the second bounce as happens in
the Case of cross-grating (sce lig. 8(c)). After each bounce, lightis scattered at a
different random angle and the onl y chance for 1 ightto escape outof the detector is
whenitisreflecied towards the surface within the critical angle of the normal. For the
{la Adlair interface this angle. is about 17°, defining a very narrow escape cone for the
trapped light. Some considerations have been taken into account when designing such
1andom scatters to reduce the probability y of lightbeing di ffracted into the escape cone.

The rc.fleettor was designed with three levels of scattering sLn-faces located at quarter
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wavelength separations, as shown in Figs. 9(b) and 9(d). As shown in Fig 9(b) and 9(c)
these scattering centers were arranged in cellsto prevent clustering of the scattering
centers, having the same dimension as the light wavelength in GaAs. The combined
arca of the top unctched level and the bottom level (A72 deep) arc. U?/2 (where U? is the
arca of aunit cell as shown in Fig. 9(b)). The area of the intermediate level (A/4 deep) is
also U?/2. These reflecting arcas and depths were chosen such that the normally
reflected light intensities from two adjacent surfaces are equal and 180° out of phase,
thus maxi mizing the destructive interference at normal reflection (and hence lower the
light leakage. through the ecscape cone). These scattering centers were organized
randomly insidc the cell as shown in Fig. 9(c). This random structure was fabricated on
the. detectors by using standard photolithography and sclective dry etching. The
advantage of the photolithographic process over a completel y random proms is the
ability to accuratel y cent rol the fcat ure size atid to pre.serve. the. pixelto pixel uniformity
which is a prerequisite for high sensitivity imaging focal plane arrays. 1tis clearly
cvident from the experi ments that maxi mum respon sivit y is obtained when the unit cell
sizeis cqualto the wavelength of the QW11) maximum responsc. When this condition is
met, light scattering becomes very efficient. 1f the unit cell islarger than the. wavelength
of the | R radiation (in GaAs), the number of scat tering centers on the detector surface
will decrease and the light is scatlered less e fficiently. On the. other hand, if the unit cell
size is smal ler than the wavelength (in GaA s), the scat tering surface becomes
effectively smoother, and as a conscquence scatlering efficiency again decreases.
Naturally, thinning down the substiate enables more bounces of light and therefore
higher responsivity. One of the main differences bet ween the. effect of the cross grating
and the random reflector is the shape of the 1esponsivity curve; unlike the cross grating,
the random reflector has little impact on the bandwidth of the response curve since the

scat tering cfficiency of the_random reflector is significantly less wavelength dependent
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than for the regular grating. Therefore, for the QWIPs with random reflectors, the

integrated responsivit y is enhanced by nearly the same amount as the peak responsivit y.

DETECTOR AND ARRAY PERFORMANCE

1 dgures of merit such as responsivity and detectivity are commonl y used to compare
the performance of detectors. Responsivity is the ratio of the signal current to the
incident radiation power on the. detector. ¥ig.10 showstypical photoresponse curves of
very long wavelength bound-to-con tinnum QW1 Ps at temperat ure 1= 55 K. The
absorption and photorcsponse curves of bound-to-continuum QWIPs arc. much broader
than those of the bound-to-bound QWIPs. 1)dctectivity (10*) is the signal to noise ratio
nor malized to unit area and unit bandwidth. the primary noise source in QWIPsis the
shot noi sc produced by the dark current. Thercfore, unlike the narrow band gap
detect ors, in which the noise is domi nated by temperat ure independent processes at low
temperat ures, QW1 P performance can be further i mproved by cooling to cryogenic

temperatures, asshown in 14g.11.

As canbe seen from Yig. 12 rapid progress has been made in the performance
(detectivity) of very long wavelength QWIPs, starting with bound-to-bound QWIPs
which had relat i vely poor sensitivit y, and cul minating in high performance. bound-to
quasicontinuum QWIPs with random reflectors. ‘I’he achieved detectivit ics are more
than sufficient to demonstrate. large two dimensional imaging arrays (128x128 or
larger) at very long wavelength, which is presentl y not possible with intrinsic narrow
band gap detectors. 1ig. 13 shows a pict ure of al28x 12.8 QWIP two dimensional
imaging array produced by the. Jet I'repulsion 1 aboratory, which has a peak

rcspon sivity at 15 um.Fig. 14 present an expanded image showing, the random
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reflectors on the pixels (single clements) of this imaging array. Due to the pixel-to-pixel
nonuniformitics, the detectivity of a single pixel is not sufficient to describe the
performance of alarge imaging array. Noise. induced by nonuniformity y has to be taken
into account for complete evaluat ion. ‘1 ‘his point has been di scussed in detail by
Frecman Shepherd er al.!7 at the U.S. Air 1‘orce Rome 1 aboratories for the case of PtSi
infrared focal plane arra ys which have low response, but very high uni fermi ty. The
genera figure of merit to describe the perfor mance of alarge imaging array is the noise
equivalent temperature difference NEAT, which i ncludes t he spatial mist originating,
from pixel-to-pixel nonuniform i tics. NHAT is the minimum tempcerature difference
across the. target that would produce asignal - to-noisc ratio of unity. 1Jue to superior
material quality and the high uniformity associated with the GaAs/Al,Gaj.xAs
materials system, an-a ys of very Jong wavelength QW1 1" with very low N EAT wi l1be a

reality in the near future.

NEWMATERIAI . SSYSTEM

A llthe VI .WIR QWIPs which have been di scussed thus far arc based on the lartice
matched GaAs/AlyGay.xAs materials system. However, it is i nteresting to consider
GaAs as the barrier material since the transport in binary GaAs is expected to be
superior to that of aternary alloy such as AlxGay.xAs, aswas previous] y found to be the
case in the Ing 53Gag 47As/InP binary barrier structures 18, To achicve this, Sarath
Gunapala er al. 19 at the. Jet Propulsion 1 abor atory have used the lower band gap non-
lat [ice matched alloy InsGaj.4As as well material together with GaAs barriers. ‘I’ his

heterobarrier system is also well suited for very kmg-wavelength ( A > 14 pm) QWIPs,

These non-1attice matched GaAs/Ing»GaggAs QWIPs were grown by MBL: on a

semi - insulating GaAs substrate.. The detector structure consi sted of 0.5 pm GaAs top
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and 1 pm bottom contact layers Si dope.d with1x 107 cm3, and 10 sets of doped
(doping density Npy= 5 x 1017 ecm-3) Ing 2Gap gAs quantum wells of well width 1., ,
separated by nine 60 nm undoped GaAs barriers. In addition, all of these structurcs
contain 60 nm thick GaAs spacer layers between the quantum wells and the top and
botlom contact layers. Despite the 1.2% lattice mismatch between Ing 2Gag gAs and
GaAs, excellent quality non-lattice matched GaAs/Ing 2Gag gAs QWIP structure have

been grown.

"The responsivity of this Ing 2Gag g A s/GaAs detector peaks at 16.7 pm and the peak
responsi vity is 790 mA/W at bias Vi = 300 mV. These results also indicate excellent
electron transport in this device structure due to the high mobility binary GaAs barriers.
This very long-wavelength (A . = 18 um) InyGay xAs/GaAs QWIP had a detectivity 1D
of 1.8 x 1010 cinVHZ/W at A, = 16.7 umoperating a T = 40 K. The large responsivity
anti detectivity D™ values arc. comparable to those achicved with the Iat t ice. matched

GaAs/Al Gay xAs materials system, and hence further study seems warranted.

SUMMARY

1 ixceptionally rapid progress has been made in the development of very long
wavclength QWIPs, since they were. first experimentall y demonstrated only afew years
ago. Now it is possible for VI.WIR QWI f's to achieve excellent performance (e.g.,
detectivitics as high as D" of 8x1010 cmvHz/W at 55 K for 15 pm QWIP). This
operating temperat ure can be easily achicved by single stage Stirling coolers. ig. 12
shows the evolution of high sensitivity very long wavelength QWIPs. A mission
current] y under development at the Jet Propulsion 1 aboratory is the Atmosphericl R

Sounder (Al 1< S). This mission will monitor the 3-15 pmin frared region to obtain the
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at mospheric temperature profile and ot her atmospheric propertics. 1 Jue to the. high
internal i mpedance, low 1/f noise, high radiation hardness, low cost (sec Hig. 15), easy
h ybridization to readout electronics, and high uniformity of QWI P, it is a potential
candidate for the VI.WIR focal plane. airays of AIRS where the fabrication of Hg .

xCdxT'e detector arrays becomes increasingly difficult.
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FIGURI CAPTIONS

1 ig.1Band diagram of conventional intrinsic infrared photodetector.




Jig. 2. Schematic band diagram of a quantum wecll. Intersubband absorption can take
place between the energy levels of a quantum well associated with the conduction

band or the valence band.

1 iig. 3 Calculated peak wavelength (2},) of bound-to-continuum QWI1" as a function of

AlxGajxAs barrier composition (x) foi various quantum well widths.

Iig. 4 A typical conduction-band diagram of very long wavelength bound-to-continuum

quantum well infrared photodetector.

Fig. 5 Dark current mechanisms of QWIP.

Fig. 6 Dark current and the 300 K window photocurrent of a VI.WIR QWIP (2= 15 pm)

at various temperatures, Photocurrent is independent of the temperature.

Fig. 7 QWIPs (with no light coupling scheme) do not absorb normal incident IR light
since there is nolight polarization component along the quantum well direction

(growth direction).

Tig. 8 Different light coupling mechanisms used in QWIPs. (a) 45° polished facet, (b)
lincar or two dimensional gratings on cach detector, and (¢) gratings with optical

cavity.

Iig. 9 (@) Schematic side view of a thin QWIP pixel with a random reflector. Ideally all

the radiation is trapped cxcept for asmallfraction which cscape through the escape
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cone (defined by critical angle ©.), (b) top view of the unit cellof the scattering
surface (arrows indicate the 16 random possibilitics), () top view of the. one of the

16 possibilities, (d) side view of the unit cell.

I4g. 10Typical photoresponsc curves of bound-to-continuum VI WI R QWI Ps at

temperature T = 55 K.

Fig. 11 Detectivity of VI WIR QWI P as a function of temperaturc. Unlike the narrow

band gap detectors, detect ivit y increases with decreasing temperature.

14g. 12 Fvolution of the performance of very long wavelength QWIP,

Fig.13 Picturc of the first 15 um 128x128 QWIP focal plane array.

1 ig. 14 Random reflectors on pixels (38x38 m2) of QW1 P focal plane army. The
random reflectors increase the light coupling efficiency by factor of eight

when the substrate thin down to - 25 ym

14g. 15 Thirty five 128x128 QWII focal plane arrays on 3 in. GaAs wafer.
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